Objective: Little is known about the impact of hot flashes on cardiac autonomic regulation, particularly vagal control. Therefore, we assessed the cardiac autonomic profile associated with physiological hot flashes occurring in undisturbed sleep.
H ot flashes are one of the most common and bothersome symptoms in menopause and are reported by up to 84% of women in natural menopause. 1 They are subjectively portrayed as a sensation of heat, sweating, flashing, anxiety, and chills typically lasting 1 to 5 minutes. 2 Several physiological changes accompany a subjective hot flash, including increased peripheral blood flow, skin temperature, sweating, and heart rate (HR). 3<5 Skin conductance (SC), the reciprocal of skin resistance, increases as sweat gland activity increases and is considered a valid objective indicator of a hot flash. 6<8 Hot flashes have a substantial impact on quality of life, interfering with work and daily activities, as well as with sleep. 9 Hot flashes are strongly associated with difficulty sleeping 10 and chronic insomnia. 11 It is hypothesized that estrogen withdrawal accompanying menopause affects hypothalamic > 2 adrenergic receptors and that the associated increase in brain norepinephrine levels narrows the thermoneutral zone in symptomatic women. 12 Consequently, relatively small increases in body temperature trigger a hot flash. 12 There is considerable support for the involvement of sympathetic activation in triggering hot flashes. Changes in skin resistance after the excitation of sweat glands by sympathetic cholinergic fibers and tachycardia at the onset of menopausal hot flashes could be interpreted as increases in sympathetic drive. 3, 5 Moreover, the norepinephrine metabolite 3-methoxy-4-hydroxyphenylglycol is increased in plasma after a hot flash. 13 Yohimbine (an > 2 -adrenergic antagonist) has been found to provoke hot flashes, whereas clonidine (an > 2 -adrenergic agonist) reduces them. 3 Recently, noninvasive indices considered to reflect relatively cardiac sympathetic dominance (low-frequency component, 0.037-0.15 Hz) and cardiac vagal dominance (high-frequency component, 0.15-0.40 Hz) 14 derived from the heart rate variability (HRV) analysis of interbeat intervals have been investigated in association with hot flashes. 15<18 The time interval between adjacent heartbeats (ms) is commonly known in its transformed form (ie, HR or myocardial contraction rate; beats/min).
Frequency spectral indices related to autonomic functioning (low frequency and high frequency) are usually computed using fast Fourier transform, which decomposes the variance of a time series into a frequency domain representation. 19 Whereas high-frequency activity is generally related to respiratory sinus arrhythmia, there is less consensus about the physiological meaning of the low-frequency component 19 : although low-frequency activity is largely considered a sympathetic index or a mixture of sympathetic and parasympathetic rhythms, 19 others studies support its relation with baroreflex function. 20, 21 To our knowledge, four studies have investigated changes in HRV indices during hot flashes. Freedman et al 18 found that power in the frequency band 0 to 0.15 Hz was elevated during a 5-minute block at the onset of a nocturnal physiological hot flash, compared with a 5-minute block after a hot flash, regardless of sleep or wake state, which they interpreted as supporting the hypothesis of increased sympathetic activation as a trigger for hot flashes. Hoikkala et al 15 also reported an increase in very-low-frequency and low-frequency activities, as well as a decrease in high-frequency power, during a 30-minute window encompassing a reported nocturnal hot flash compared with a preceding 30-minute window in which hot flashes were not reported. Thurston et al 16 found a decrease in high-frequency power during a physiological hot flash compared with either before a hot flash or after a hot flash in women undergoing laboratory hot flash provocation testing with a stress task. In a subsequent 24-hour ambulatory study, high-frequency power was also found to be decreased for either reported or physiological hot flashes. 17 Low-frequency power and the ratio of low-frequency power to high-frequency power were also increased, suggesting that the decrease in high-frequency power (vagal activity) predominated. 17 These studies provide mixed data as to whether the increased HR apparent at the onset of a hot flash is caused by reduced vagal activity and/or increased sympathetic activity.
Reasons for the discrepancies between studies may, in part, be attributed to differences in methodologyVwith hot flashes being triggered by a stressor or spontaneously occurring, being physiologically or subjectively assessed, and recorded during different periods (day and/or night)Vand differences in the definitions of hot flashes and HRV frequency bands. An important factor that has not been previously considered is whether the hot flash itself or other associated events, such as arousals, drive a change in cardiac autonomic regulation. The measurement of HRV is highly sensitive to changes in sleep-wake state, 22,23 arousals from sleep, 23 mental stress, 24 or emotional state. 25 Even brief arousals from sleep (lasting G30 s) are associated with substantial changes in autonomic regulation, with an increase in low-frequency activity and a decrease in high-frequency activity representing a shift to sympathetic dominance. 23 It is therefore necessary to consider these factors to isolate the association between hot flashes per se and autonomic regulation. It is also necessary to adopt objective criteria to define clean windows for analyses of HRV.
To further investigate the autonomic profile in association with the onset of a hot flash, we used sleep as a model in which flashes were free from disruptive events that occur during wake conditions. Furthermore, we isolated Bpure[ autonomic changes associated with a hot flash from sleep stage transitions and arousals from sleep, which are well known to impact the functioning of the autonomic system. 23, 26 Thus, we analyzed autonomic activity associated with spontaneously occurring hot flashes in stable nonYrapid eye movement (NREM) sleep in a group of perimenopausal women.
METHODS

Sample
Eleven perimenopausal women average age 50.2 (3.2) years who reported menopausal symptoms, including vasomotor symptoms, were recruited from the community. They completed a brief telephone screen and, if deemed eligible, were invited to the laboratory for a structured clinical interview. Inclusion criteria were as follows: perimenopausal or early postmenopausal according to Stages of Reproductive Aging Workshop criteria 27 (ie, menstrual cycle lengths that differed from normal by 97 d constituted early menopausal transition; amenorrhea interval of Q60 d constituted late menopausal transition; and amenorrhea for a period of up to 12 mo constituted early postmenopause); reported an average of at least one hot flash per day in the previous 2 weeks; body mass index of 32 kg/m 2 or lower; intact uterus and at least one ovary; no use of hormone therapy or hormonal contraception for the previous 3 months; no hypertension or arrhythmias; no longterm medication use; and no current Axis I depressive disorder determined from structured clinical interview. All but one of the women were nonsmokers, and none of the women drank more than seven alcoholic drinks per week. Three women reported no regular physical activity, four women reported moderate physical activity (eg, yoga or Pilates for about 1 h/wk), and four women reported heavy physical activity (eg, running for about 1 h/wk).
This study followed the Declaration of Helsinki on medical protocol and ethics and was approved by the Institutional Review Board at SRI International. All participants read and signed an informed consent form.
Procedure
Participants underwent polysomnographic recordings at the Human Sleep Research Laboratory at SRI International. They arrived at the laboratory at around 7 PM and had sensors attached. Participants slept in sound-attenuated and temperaturecontrolled bedrooms. Lights-out and lights-on times were self-selected by participants.
Polysomnographic assessment
Electroencephalographic (EEG; C3-A2, C4-A1, O1-A2, and O2-A1), electrooculographic, and submental electromyographic recordings were made using E-series amplifiers and Profusion software (Compumedics, Abbotsford, Victoria, Australia) linked to appropriate transducers. EEG signals were digitized at a sampling rate of 256 Hz, high-pass-filtered at 0.3 Hz, and low-pass-filtered at 30 Hz. Thirty-second epochs were scored (wake, N1, N2, N3, and rapid eye movement [REM]) by experienced scorers following American Academy of Sleep Medicine rules. 28 ArousalsVdefined by an increase in fast EEG activity relative to background activity that lasted at least 3 secondsVwere scored using American Academy of Sleep Medicine criteria. 28 
Cardiac autonomic assessment
Electrocardiographic recordings were also assessed with E-series amplifiers and Profusion software (Compumedics) using Ag/AgCl Meditrace surface spot electrodes in a modified lead II Einthoven configuration. Data were continuously collected at 512 Hz. Power spectral HRV analysis was performed using dedicated software developed at the University of Melbourne and according to procedures previously described. 29 Briefly, R-waves were automatically detected by the software, visually checked, and manually adjusted when necessary. Interbeat intervals were resampled at 4 Hz and filtered with a third-order polynomial filter to remove verylow-frequency components. Power spectrum analysis was applied to the time series. The resulting frequency bands were 0.02 Hz wide for the range from 0 to 0.5 Hz. To identify the low-frequency component, we identified the peak frequency band between 0.03 and 0.15 Hz. The width of the low-frequency component was defined as the first frequency bands on either side of the peak to fall to 50% of the peak value. The area so defined was integrated. The same procedure was used to identify the high-frequency component between 0.15 and 0.40 Hz. We derived the following measures: HR (beats/min); absolute power in the low-frequency band (LF a ; arbitrary units), an indicator of vagal activity and sympathetic nervous system activity combined 19 ; absolute power in the highfrequency band (HF a ; arbitrary units), an indicator of vagal activity; ratio of low frequency to high frequency (LF a /HF a ), an indicator of sympathovagal balance; and peak frequency in the high-frequency band (HF p ; Hz), a measure of respiratory rate. 29 
Hot flash recording and characterization
Physiological hot flashes were assessed based on measures of sternal SC with a BioDerm Skin Conductance Meter (model 2701; UFI, Morro Bay, CA), which maintained a 0.5-V constant voltage circuit 30 while sampling from two Ag/AgCl electrodes placed on either side of the sternum. The Bioderm was connected via an optically isolated DC input to the Compumedics amplifiers and sampled at 16 Hz. Electrodes were 1.5 cm in diameter and filled with 0.05 M potassium chloride Velvachol/glycol gel. 31 SC recordings were manually evaluated by two scorers (F.C.B. and M.d.Z.) for fluctuations meeting accepted criteria for physiological hot flashes (an increase of Q2 Kmho within 30 s). 8 The beginning of this 30-second epoch of increased SC was used to define the onset of a hot flash.
Only hot flashes meeting these criteria and having an onset during stable NREM sleep (N2 and N3 sleep stages) were selected for analysis. In addition, the 4 minutes before the onset of the hot flash and the 2 minutes after the onset of the hot flash were free from body movement, microarousals, awakenings, and transitions to N1 or REM sleep (Fig. 1) .
Eighteen hot flashes met the above criteria and constituted the final sample. Hot flashes that occurred during wakefulness (n = 8) and REM sleep (n = 4) and those that occurred across sleep stage transitions and/or were associated with arousals/ awakenings (n = 28) were not analyzed owing to the unstable period of recording and/or to the association of hot flashes with other disruptive events such as arousals.
Data reduction and analysis
Two-minute epochs were selected before (preflash; j2 to 0 min) and at the onset (hot flash; 0 to 2 min) of each hot flash period. An additional 2-minute artifact-free baseline (j4 to j2 min) period occurring before the preflash period was also selected for analysis ( Fig. 1) .
SC was normalized before data analysis to reduce betweenparticipants variability. Normalized amplitude (0-1 Kmho) of the SC signal (SC amp ; Kmho) was calculated. The HRV measures LF a , HF a , and LF a /HF a were log-transformed before statistical analysis. SC amp and HR variables were averaged for each 2-minute epoch.
All variables (SC amp , HR, LF a , HF a , HF p , and LF a /HF a ) were analyzed with hierarchical mixed-effect models with fixed effects for preflash and hot flash, so that the constant represented the baseline. Random-effects accounting for betweenparticipants (participant-to-participant) variability and withinparticipant (flash-to-flash) variability (part of the total variation seen across all hot flashes) were included because women contributed different numbers of hot flashes to the analysis. To analyze the relation between the magnitude of hot flashes and the associated autonomic changes, we calculated Pearson's correlations between differential values of SC amp and HR, LF a , HF a , and LF a /HF a . Differential values were calculated as the mean of absolute values in the hot flash period minus the mean of absolute values in the baseline period. Pearson's product-moment correlation coefficients r and linear equations are reported for significant correlations. P G 0.05 was set for significance.
RESULTS
Autonomic modifications during hot flashes
Means (SDs) for all physiological measures recorded during the 2-minute baseline, preflash, and hot flash conditions, as well as hierarchical mixed-effect model results, are provided in Table 1 . Estimated variance and 95% CIs of random-effects parameters and residual variance are provided in Table 2 .
As per their definition, hot flashes were characterized by abrupt increases in SC amp during hot flash condition compared with baseline (z = 14.60, P G 0.001) and preflash (z = 14.73, P G 0.001) conditions. No differences were detected between baseline and preflash.
HR significantly accelerated in hot flash condition compared with both baseline (z = 8.32, P G 0.001) and preflash (z = 5.46, P G 0.001) conditions. A smaller but significant increase in HR was detected during preflash compared with baseline (z = 2.86, P = 0.004; Fig. 2) .
HF a , a vagal index, decreased from baseline to hot flash (z = j4.60, P G 0.001), as well as from preflash to hot flash (z = j3.26, P = 0.001; Fig. 3 ). HF p , an index considered to reflect respiratory rate, slightly increased from baseline to hot flash (z = 2.63, P = 0.009), as well as from preflash to hot flash (z = 1.97, P = 0.049).
LF a and LF a /HF a ratio did not show any significant modification in association with a hot flash.
Relationship between hot flash magnitude and associated autonomic responses
Pearson's correlations revealed significant correlations between increases in SC amp and changes in autonomic activity from baseline to hot flash. $SC amp was positively correlated with $HR (r = 0.78, P G 0.001; Fig. 4A ) and negatively correlated with $HF a (r = j0.56, P = 0.014; Fig. 4B ).
DISCUSSION
To our knowledge, this is the first study to show the independent effect of hot flashes on cardiac autonomic activity. Data are based on a sample of 18 hot flashes recorded from 11 women. SC amp , amplitude of skin conductance; HR, heart rate; LF a , absolute power in the low-frequency band; HF a , absolute power in the high-frequency band; HF p , peak frequency in the high-frequency band. SC amp , amplitude of skin conductance; HR, heart rate; LF a , absolute power in the low-frequency band; HF a , absolute power in the high-frequency band; HF p , peak frequency in the high-frequency band. By using strict criteria to characterize hot flashes and to analyze HRV, we identified components of the cardiac autonomic pattern that accompany the onset of a hot flash during undisturbed NREM sleep.
Hot flashes were associated with a small but significant increase in HR at the onset of a hot flash compared with the periods preceding it (È4 beats/min), together with a reduction in vagal activity (reduction of about 38% in high frequencyYHRV power). This finding suggests that the increase in HR at the onset of a hot flash is primarily caused by a withdrawal of vagal activation and not caused by an increase in sympathetic activity. The correlation analysis supports a relationship between the magnitude of hot flashes (increase in SC amplitude) and autonomic fluctuations (increases in HR and decreases in high-frequency power). Larger hot flashes, as indicated by larger SC responses, therefore have a bigger impact on cardiac autonomic regulation.
Our finding of a reduction in vagal activity in association with hot flashes supports the findings of Thurston et al. 16, 17 Our study extends those findings to show the effect of hot flashesVindependent of other potential disruptive events, such as arousals from sleepVon vagal activity. Our findings also show that physiological hot flashes alone are not associated with a change in low-frequency power, in contrast to previous findings. 17, 18 It is probable that the increase in low-frequency power reported by those studies was caused by the confounding effects of events, such as arousals and shifts to stage 1 or REM sleep, which lead to a shift in sympathetic dominance. 23 Research suggests an association between hot flashes and cardiovascular risk, 32 and reduced cardiac vagal control and increased cardiac sympathetic activation are associated with cardiovascular morbidity. 33 A decrease in high-frequency power in association with hot flashes, as shown here, could be one potential mechanism linking vasomotor symptoms and cardiovascular risk. As Thurston et al 17 suggested, the role of the autonomic nervous system in mediating the link between hot flashes and cardiovascular risk should be considered further.
Hot flashes are hypothesized to be mediated through the sympathetic branch of the autonomic nervous system. 3, 5 Hot flashes are a strong heat dissipation response, 3 and the increase in SC (ie, reduction in skin resistance) is a peripheral index of sweat gland activity mediated by the sympathetic branch of the autonomic nervous system acting on cholinergic receptors. 34 Along with an increase in sweating during a hot flash, there is also an increase in blood flow (ie, vasodilatation), 4, 5, 35, 36 which is probably mediated by a reduction of sympathetic vasoconstrictor activity and/or by increases in sympathetic cholinergic vasodilator activity in the vasculature 35 ; the thermoregulatory reflex of cutaneous vascular control during heat stress and cold stress in humans is mediated by two branches of the sympathetic nervous system: noradrenergic vasoconstrictor nerves and cholinergic active vasodilator nerves. 37 Although the sympathetic nervous system branch may be involved in the peripheral heat loss response of a hot flash, our results suggest that the parasympathetic (vagal) branch is involved in the cardiac response to a hot flash. Given the vagal dominance of the myocardium at resting states, 19 the cardiac response to hot flashes during sleep is less likely to be attributed to sympathetic influence. Whether the increase in HR is a consequence of vasodilatation in the periphery or coincident with it remains to be confirmed. Further research should focus on investigating autonomic measures around the onset of SC increases with better time resolution to better understand the physiology of hot flashes.
In addition, further studies should focus on understanding sympathetic input on the myocardium using indices such as the pre-ejection period, a noninvasive measure assessed by impedance cardiography and reflecting cardiac sympathetic A-adrenergic activity. 38 Our findings should be considered within the context of study limitations. Although high-frequency power is accepted as a measure of vagal activity, 39 variations in respiratory activity can modulate this component. 29, 40 We therefore analyzed the frequency of the peak of the high-frequency component (HF p ) as a measure of respiratory rate. There was a small but significant increase in breathing frequency at the onset of a hot flash. However, given this small increase in respiratory rate (average peak high-frequency value increase of G5%), it is improbable that the decrease in vagal activity during a hot flash is driven by a change in respiration. The sample size was small and limited to perimenopausal women with a range of vasomotor symptoms severity. The restricted sample of women was largely attributed to the fact that, in most cases, hot flashes were followed by arousals, awakenings, or sleep stage transition. However, to provide insight into the physiology of hot flashes, we carefully selected Bpure[ hot flashes during sleep and showed a robust effect of hot flashes on vagal regulation.
CONCLUSIONS
We have shown, for the first time, the clear impact of physiological hot flashes on cardiac autonomic regulation. Hot flashes occurring during undisturbed sleep are independently associated with a reduction in vagal activity and an increase in HR. These data show that the parasympathetic branch of the autonomic nervous system is involved in the cardiac response to a hot flash.
